T he expert consensus is that sudden infant death syndrome (SIDS) is multifactorial. However, abnormalities in respiratory or cardiac dysfunction are suspected in some cases. [1] [2] [3] Drs Peter Schwartz and Stephen Epstein originally suggested that some cases of SIDS might represent infantile sudden cardiac death stemming from primary or secondary abnormalities in ventricular repolarization. 4, 5 This could occur by several mechanisms, including abnormal autonomic development, a secondary response to a medication or disease, or a genetic abnormality, specifically long-QT syndrome (LQTS). 6 The Schwartz hypothesis was tested in a 19-year study that examined ECG data from >33 000 infants during the first year of their life. 2 Twenty four of the infants experienced SIDS and 10 others died from an attributable cause (not SIDS). The average heart ratecorrected QT interval (QTc) as seen on ECG for the healthy infants (using Bazett correction formula) was 400±20 ms, whereas the average QTc for the SIDS cases was 435±25 ms. Moreover, the SIDS infants had longer QTc than the infants who died from an attributable cause (392±26 ms). Although half of the SIDS cases had a QTc >440 ms, clinically screening neonates using such a QTc cutoff value is problematic because ≈2.5% of the healthy neonates also had a QTc >440 ms.
Since the major genes that are linked to abnormal QT prolongation have been identified, 7 combining ECG testing with genetic screening holds the promise of potentially delineating vulnerable infants. To begin addressing the link between LQTS and SIDS, several groups have performed retrospective molecular autopsies (ie, postmortem genetic testing) for the most common genetic subtypes of LQTS in SIDS cases and found a rare nonsynonymous (amino acid altering) genetic variant in one of the major LQTS susceptibility genes 10% to 15% of the time. Unfortunately, genetic testing is limited by its probabilistic rather than deterministic nature for identifying a dysfunctional variant. 8, 9 Loss-of-function mutations in KCNH2 underlie type 2 LQTS (LQT2) and is one of the most common forms of LQTS. 10, 11 KCNH2 encodes the voltage-gated
WHAT IS KNOWN?
• Postmortem genetic testing for the most common types of long-QT syndrome (LQTS) in sudden infant death syndrome (SIDS) cases identifies a nonsynonymous (amino acid altering) genetic variant 10% to 15% of the time.
• Loss-of-function mutations in KCNH2 underlie type 2 LQTS and is one of the most common forms of LQTS.
• Functional studies show that 95% of type 2 LQTSlinked missense mutations have a loss-of-function phenotype in vitro.
WHAT THE STUDY ADDS?
• This study investigates several KCNH2 missense variants identified in a cohort of 300 SIDS cases using in vitro (functional studies), in silico (ventricular action potential modeling), and electronic healthcare record analyses.
• The data suggest that the KCNH2 missense variants are not type 2 LQTS-causative variants and therefore do not represent the pathogenic substrate for SIDS in the variant-positive infants.
• The study suggests that there is a minimal role for type 2 LQTS-causing mutations in SIDS despite the relatively high frequency of nonsynonymous KCNH2 variants in SIDS cohorts.
K + channel α-subunit Kv11.1, which generates the rapidly activating delayed rectifier K + current (I Kr ) in the heart. 11, 12 Studying dozens of different suspected LQT2-associated variants using heterologous expression in mammalian cell systems has proven extremely effective for confirming true disease-causing variants. 13 About 95% of LQT2-linked missense mutations have a dysfunctional phenotype. These studies show ≈90% of the Kv11.1 missense mutations decrease the intracellular transport (trafficking) of Kv11.1 to the cell surface membrane, ≈5% alter Kv11.1 channel gating and conduction, and ≈5% traffic and function similar to wild-type (WT) Kv11.1 channels. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Many of the latter variants have been identified subsequently in exomic databases of non-LQTS subjects, suggesting that they are not pathogenic. 23 Heterologous expression studies performed on a small number of KCNH2-linked SIDS variants suggest that several of them function normally. These are likely benign variants and not involved in the infant's death. 24, 25 The purpose of this study was to extend these findings and functionally investigate several additional KCNH2 variants that were identified previously in a cohort of 292 SIDS cases. What is novel in this study is that we perform electronic healthcare record (EHR) analysis of adult patients who had tested positive for any of the KCNH2 variants found among the deceased infants and determine the physiological significance of dysfunctional KCNH2 variants using computational human action potential (AP) simulations.
MATERIALS AND METHODS
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SIDS Cohort
Frozen necropsy tissue or autopsy blood from 292 SIDS (178 men, 114 women; average age at death=2.9±1.9 months; age range, 0.1-12 months; 204 white, 75 black, 10 Hispanic, 2 Asian, 1 unknown ethnicity or race) cases derived from 4 population-based cohorts from the United States, representing the Northeast, South, and Southwestern portions of the United States, were submitted by medical examiner offices to the Mayo Clinic Windland Smith Rice Sudden Death Genomics Laboratory for research-based postmortem genetic testing. [26] [27] [28] [29] [30] [31] [32] [33] The enrollment criterion was a comprehensive medico-legal, autopsy-negative sudden unexplained death of an infant <1 year of age, including a negative toxicology screen and death scene investigation.
Infants with asphyxia or specific disease causing death were excluded. This Mayo Foundation Institutional Review Board-approved, anonymous necropsy study only had limited medical information, such as the sex, race, and age at the time of death available. Time of day, medication use, infection, and position at death were unavailable.
Postmortem Mutational Analysis of the KCNH2-Encoded Kv11.1 K + Channel
Genomic DNA was extracted using the Puregene DNA Isolation Kit (Qiagen, Inc, Valencia, CA). Comprehensive coding region point-mutation analysis of KCNH2 was performed using polymerase chain reaction, denaturing high performance liquid chromatography, and direct DNA sequencing. In this study, only nonsynonymous variants (ie, amino acid altering) were considered. Each variant was assessed for its presence in the most recent Genome Aggregation Database (Http://exac.Broadinstitute.Org). Four different computational methods (KvSNP, Polyphen2, SNPs&Go, and SIFT) were used to predict whether or not the nonsynonymous variants might be pathogenic. [34] [35] [36] [37] [38] Briefly, KvSNP is a machine learning classifier that is applied to variants in Kv channels to predict the likelihood that the variant causes disease; PolyPhen2 is a tool that predicts possible impact of an amino acid substitution based on physical and comparative considerations; SNPs&GO predicts whether a variation is disease related based on evolutionary information; and SIFT prediction uses the degree of conservation from closely related sequences. Each computational approach that predicted a damaging or pathogenic mutation scored 1 point (combined score can range from 0 to 4). Because >97% of LQT2-associated dysfunctional Kv11.1 variants (n=184) have a score >1 point (data not shown), we functionally characterized novel and previously uncharacterized KCNH2 variants with a score >1.
Mutagenesis, Tissue Culture, and Transfection
The appropriate nucleotide changes of the Kv11.1 variants E90K, G294V, R791W, and R1005W were engineered in the WT Kv11.1 cDNA cloned in the pcDNA3 vector using the QuickChange Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA). The integrity of all the constructs was verified by DNA sequencing (AGTC, University of Kentucky, Lexington, KY). Human embryonic kidney 293 cells were cultured at 37°C (5% CO 2 ) in Minimum Essential Media supplemented with 10% fetal bovine serum (Invitrogen, Carlsbad, CA). The cells were transfected using Lipofectamine (Life Technologies, Grand Island, NY) with WT, E90K, G294V, R791W, and R1005W Kv11.1 plasmid DNA (3 μg). For electrophysiological studies, cells were also transfected with enhanced green fluorescent protein cDNA subcloned in pKR5 (0.3 μg). Green fluorescent protein-positive cells were analyzed using for whole-cell patch clamp technique 46 to 54 hours after transfection.
Western Blot
Cells for Western blotting were harvested with lysis buffer similar to that previously described. 39 Equivalent amounts of total protein were electrophoresed on a 6.5% SDS-polyacrylamide gel, transferred electrophoretically to nitrocellulose, and probed with the anti-Kv11. 
Electrophysiology
Functional analyses were done using standard whole-cell patch clamp technique on green fluorescent protein-positive cells similar to that previously described. 21, 25 The external solution contained (in mmol/L) 137 NaCl, 4 KCl, 1.8 CaCl 2 , 1 MgCl 2 , 10 glucose, and 10 HEPES (pH 7.4 with NaOH), and the internal pipette solution contained (in mmol/L) 130 KCl, 1 MgCl 2 , 5 EGTA, 5 MgATP, 10 HEPES (pH 7.2 with KOH). An Axopatch-200B patch clamp amplifier (Axon Instruments, Union City, CA) was used to measure macroscopic currents and cell capacitance. The pipette resistances were 1 to 2 MΩ, and series resistance was compensated up to 95%. The pCLAMP 10 software (Axon Instruments, Union City, CA) was used to generate the different voltage protocols, acquire current signals, and for data analyses. Origin 7.0 (Microcal, Northhampton, MA) was used for performing Boltzmann curve fitting to the current-voltage relationships and for generating graphs. The data were fit with the following Boltzmann equation:
where I MIN is the minimally activated current; I MAX is the maximally activated current; V½ is the midpoint potential for half maximal activation; and k is the slope factor. The holding potential was −80 mV, and the dashed line in figures indicates zero current. Deactivation, inactivation, and recovery from inactivation kinetic measurements were performed similar to that described previously.
25
Study Participants and Exome Sequencing
Whole-exome sequencing was conducted as part of the DiscovEHR collaboration of the Geisinger Health System and the Regeneron Genetics Center. The Geisinger Health System Institutional Review Board approved the study. All clinical and genetic data for this study were deidentified by a data broker who was not involved in the study. 
Computational AP Modeling
All simulations were done using the Romero et al 41 , 42 The I Kr component was increased 2-fold to recapitulate AP duration/morphologies similar to the original O'Hara simulations (data not shown). We mimicked the gating effects of 3 different KCNH2 variants that were found in a SIDS victim by modifying individual rate constants to recapitulate the electrophysiological analysis. To simulate the functional impact of the R791W variant, we increased the deactivation transition rate (O to C1) 2-fold. To simulate the R1005W variant, we increased the 3 activation rate constants (C3 to C2, C2 to C1, and C1 to O) 2-fold (generating a −15 mV shift in the simulated current-voltage relationship). To model the Q1068R variant, we increased the inactivation rate constant by a factor of 1.2. The duration of the AP to 90% repolarization (AP90) was calculated from the simulations similar to that described previously. 21 
Statistics
Data are reported as the mean±SEM or SD. A 1-way ANOVA was used to determine whether there was difference among the groups, and post hoc analyses using the Dunnett test were performed to see which group(s) differed compared with cells expressing WT-Kv11.1 channels (GraphPad Prism software, La Jolla, CA) Significance was determined at the P<0.05 level.
RESULTS
After postmortem genetic testing, 8 rare KCNH2 (Kv11.1) missense variants (E90K, R181Q, A190T, G294V, R791W, P967L, R1005W, and Q1068R) were identified in 9 of 292 (3.1% overall; 4/204 [1.9%] white, 5/75 [6.7%] black) SIDS cases (Table 1) . Of the 8 variants, only 2 variants (G294V and R1005W) were absent from Genome Aggregation Database (Table 1 ). In addition, the common polymorphism R1047L was identified in 9 of 204 (4.4%) white and 0 of 75 (0%) black SIDS cases compared with 1717 of 33 584 (5.1%; P=0.87) European (non-Finnish) white and 50/7646 (0.65%; P=1) black exomes in Genome Aggregation Database.
We used 4 different bioinformatics methods (KvSNP, Polyphen2, Single Nucleotide Polymorphisms & Go, and SIFT) to predict whether or not the nonsynonymous variants may be pathogenic. [34] [35] [36] [37] [38] Two or more computational methods predicted that the variant would be damaging or potentially disease causing for 7 of the 9 variants analyzed (Table 2) . For 2 variants (R791W and R1005W), all 4 computational methods predicted the variant to be damaging or disease causing.
Of the 9 variants identified in our SIDS cases, 4 (R181Q, P967L, R1047L, and Q1068R) were characterized previously using heterologous expression (Table 2) . 22, 25, 43 Three of the variants (R181Q, P967L, and R1047L) were functionally similar to WT-Kv11.1 channels. However, Q1068R showed Kv11.1 channel gating with accelerated inactivation kinetics. 25 We A list of the sudden infant death syndrome (SIDS) cases with a rare nonsynonymous KCNH2 variant. Also shown is the number of subjects and heterozygote frequency of each variant within Genome Aggregation Database (GenomAD) exome database. Because of exome sequencing coverage issues, the number of subjects with quality exome sequencing reads at a specific location is different when reporting data from the GenomAD database. Therefore, the denominator differs for each of the variants listed. F indicates female; and M, male. The list of KCNH2 variants identified in the SIDS cohort along with the predicted effect of the variant on the function of the channel using KvSNP, Polyphen2, SNPs & Go, or SIFT. The score is the number of computational predictions that predict the variant as damaging or disease. The table also summarizes whether or not the individual variants have been identified in control subjects (Y, yes; N, no) and the results of functional testing (normal, similar to wild type; ND, not determined). SIDS indicates sudden infant death syndrome. studied the remaining 4 Kv11.1 variants (E90K, G294V, R791W, and R1005W) that were suggested by ≥2 computational methods to be damaging or disease causing.
About 90% of Kv11.1 missense variants linked to LQT2 generate channels that do not traffic properly to the cell surface. Kv11.1 is modified cotranslationally in the endoplasmic reticulum by the attachment of asparagine-linked (N-linked) core glycans at N598 to generate a 135 kDa immature glycoprotein. 22 The glycan moiety undergoes further post-translational processing in the Golgi apparatus to generate the terminally glycosylated or mature 155 kDa Kv11.1 α-subunit. 44 Trafficking-deficient Kv11.1 mutations can be identified using Western blot analyses because of a decrease in the relative amount of 155 kDa mature Kv11.1 (mature Kv11.1/ total Kv11.1). 16, 21, 39, 45 Based on Western blot analyses, E90K-, G294V-, R791W-, or R1005W-Kv11.1 channels trafficked normally ( Figure 1A ). Using the whole-cell patch clamp technique, we next determined whether cells expressing E90K-, G294V-, R791W-, or R1005W-Kv11.1 channels altered the peak I Kv11.1 compared with cells expressing WT Kv11.1 channels. Cells were prepulsed from −80 mV to a maximally activating potential (50 mV) for 3 seconds and then hyperpolarized to a test-pulse of −120 mV for 2 seconds. For cells expressing the Kv11.1 variant channels, the peak inward I Kv11.1 measured during the test-pulse was not different compared with cells expressing WT-Kv11.1 channels (Figure 1B) . We also found that coexpressing WT-Kv11.1 channels with the variant-containing Kv11.1 channels did not negatively affect peak I Kv11.1 (data not shown). Together these data demonstrate that the variant-containing Kv11.1 channels do not negatively affect either trafficking or peak I Kv11. 1 .
Next, we determined whether E90K-, G294V-, R791W-, or R1005W-Kv11.1 channels altered the activation gating properties by applying step-like pulses from −80 to 70 mV in 10 mV increments for 5 seconds, followed by a tail pulse to −50 mV for 5 seconds (Figure 2A) . The peak I Kv11.1 measured during the tail pulse was plotted as a function of the step-pulse potential, and the corresponding current-voltage relationships were fit with a Boltzmann function to calculate the mean I MAX , V½, and k ( Figure 2B ). Compared with cells expressing WT-Kv11.1 channels, only R1005W-Kv11.1 channels altered activation properties by causing a ≈15 mV shift of the V½ to more negative potentials. There were no differences in the slope factor. These data demonstrate that R1005W is unlikely to cause LQT2 because it alters Kv11.1 channel activation to increase I Kv11.1 at negative membrane potentials (gain-of-function). This raises the intriguing possibility this variant could cause pathogenicity by causing short-QT syndrome. 46 The decay of the I Kv11.1 during the tail pulse to −50 mV reflects the kinetics of Kv11.1 channel deactivation gating. Acceleration of Kv11.1 deactivation kinetics has been implicated as a cause for LQT2. 15, 47 To test whether any of these variants altered Kv11.1 deactivation, we fit the decay phase of the I Kv11.1 during the tail pulse to −50 mV as a double exponential process with a fast and slow time component (τ fast and τ slow ). Cells expressing R791W-Kv11.1 channels conducted I Kv11.1 that decayed with a faster τ fast compared with cells expressing WTKv11.1 channels ( Figure 2C ).
Because R791W-Kv11.1 channels accelerated deactivation rates at −50 mV, we tested whether these alterations persisted over a wider potential range. We prepulsed cells expressing WT-or R791W-Kv11.1 channels to 50 mV for 2 seconds to activate the channels, followed by a test-pulse from −120 to −60 mV for 10 seconds in 10 mV increments to measure the decay of I Kv11.1 at different potentials (Figure 3) . Compared with cells expressing WT-Kv11.1 channels, cells expressing R791W-Kv11.1 channels showed faster τ fast and τ slow for many of the test-pulse potentials ≤−60 mV. Also, the relative amplitude of the fast component was larger for several potentials tested. These data confirm that R791W-Kv7.11 accelerates Kv11.1 deactivation kinetics over a wide range of potentials and increases the fraction of channels that deactivate with the faster time component. These findings are similar to those reported previously. 22 We next determined whether E90K, G294V, R791W, or R1005W altered the properties of Kv11.1 channel inactivation. The rate for the recovery of Kv11.1 channel inactivation was measured by prepulsing cells to 50 mV for 5 seconds followed by a test-pulse from −120 to −30 mV for 1.5 seconds ( Figure 4A ). To calculate the time constant for recovery from inactivation (τ recovery ), the rising phase of I Kv11.1 measured during the test-pulse was described as a single exponential process, and these rates were plotted as a function of the test-pulse potential ( Figure 4B ). Cells expressing E90K-, G294V-, R791W-, or R1005W-Kv11.1 channels did not alter the recovery of Kv11.1 inactivation kinetics for any of the potentials tested. We also measured the development of Kv11.1 channel inactivation by depolarizing cells to 60 mV for 300 ms, hyperpolarizing to −100 mV for 25 ms to reopen most channels, and then applied a test-pulse from −20 to 60 mV in 10 mV increments for 300 ms ( Figure 4A) . The I Kv11.1 decay measured during the test-pulse was described as a single exponential process and used to calculate a time constant for the development of I Kv11.1 inactivation (τ development ; Figure 4B ).
Compared with cells expressing WT-Kv11.1 channels, cells expressing E90K-, G294V-, R791W-, or R1005W-Kv11.1 channels did not alter the τ development .
Based on the functional analysis of the KCNH2 variants identified in this cohort of 292 SIDS cases, 3 of the 8 variants represent possible SIDS-associated mutations stemming from defective Kv11.1 channel gating while the others constitute background genetic noise ( Figure 5A ). We sought to confirm this using clinical data. The DiscovEHR collaboration is a joint effort of the Geisinger Health System and Regeneron Genetics Center that uses whole-exome sequencing data coupled to patient EHR to assess links between specific genetic variations and disease phenotypes. 40 Using whole-exome sequencing data in the first 92 455 subjects, we found >60 individuals (1 per 1468 people) who were positive for 1 of the 6 rare KCNH2 variants identified in the 292 SIDS cases (the R1047L variant is a common variant, with a minor allele frequency=0.02 in this cohort, and was therefore excluded from the analysis). ECG records were available for 32 of 63 rare variant-positive subjects, and these were used to calculate median QTc for each patient. Summary of QTc values and history of syncope are shown in Figure 5B . Importantly, in these variant-positive individuals, none A, Representative families of currents measured from cells transiently expressing wild-type (WT)-, E90K-, G294V-, R791W-, or R1005W-Kv11.1 channels using the voltage protocol shown. B, The left graph shows the current-voltage relationships of I Kv11.1 (normalized to the peak I Kv11.1 ) measured during the tail pulse and plotted as a function of the step pulse from cells expressing WT (solid squares), E90K (shaded downward triangles), G294V (shaded upward triangles), R791W (○), and R1005W (solid diamonds). C, The I Kv11.1 decay measured during the tail pulse after the step pulse to 70 mV was described as a double exponential process to calculate the fast and slow time-constants associated with Kv11.1 deactivation (τ deactivation, fast and τ deactivation, slow ). The right graph shows the relative amplitude of the τ deactivation, fast divided by the total amplitude of τ deactivation, fast and τ deactivation, slow (A fast /A fast +A slow ; n=8-15 cells per group; *P<0.05). Error bars are SE.
of the patients had an LQTS diagnosis or is suspected of having LQTS based on the expert consensus statement on the diagnosis of LQTS. 48 The patients did not have a risk score >3.5, and although several patients had been coded for episode(s) of unexplained syncope, the median QTc intervals were all <480 ms. Only 6 of the 63 patients carrying these KCNH2 variants had an arrhythmia code in their EHR, which is within the normal prevalence in the general population. In addition, none of the patients harboring R1005W showed any signs or symptoms of short-QT syndrome. These clinical data demonstrate a lack of a positive link between these the KCNH2 variants, including the ones that alter Kv11.1 channel gating, and the manifestation of an inherited arrhythmia syndrome caused by mutations in KCNH2.
We were surprised the Kv11.1 variants that altered Kv11.1 channel gating did not associate with a clinical phenotype. To better understand how these gating changes might impact the ventricular AP duration (a cellular correlate of the QTc), we incorporated these gating changes using a modified O'Hara-Virag-VarroRudy AP model that includes a Markovian model for the I Kr component. 41, 42 The gating changes caused by each of these Kv11.1 variants are different: R791W accelerates deactivation kinetics (loss-of-function), R1005W alters the voltage dependence of Kv11.1 activation gating (gain-of-function), and Q1068R accelerates inactivation kinetics (loss-of-function). AP simulations at 1 or 2 Hz showed that R791W, R1005W, or Q1068R predicted no change, a 6% shortening, or a 3% prolongation in the APD90, respectively ( Figure 5C ). These simulations suggest that KCNH2 variants that disrupt Kv11.1 channel gating minimally impact ventricular AP duration and are not proarrhythmic.
DISCUSSION
Rare amino acid altering genetic variants in KCNH2-encoded Kv11.1 K + channel have been associated with SIDS previously. In 2007, Arnestad et al 24 reported finding 5 rare Kv11.1 missense variants in 5 of 201 (2.5%) Norwegian SIDS cases. However, only 2 SIDS cases (1%) hosted variants that were functionally abnormal. Here, we identified rare Kv11.1 missense variants in 2% of white and ≈7% of black cases among ≈300 SIDS cases. However, similar to Arnstead et al, 24 the majority of rare Kv11.1 variants identified in our cohort were functionally normal. In fact, only 1 of 204 (0.5%) white and 2 of 75 (2.6%) black SIDS cases hosted a Kv11.1 variant with non-WT gating properties, at least in the standard heterologous expression system.
Our study suggests that the functionally abnormal KCNH2 variants generate distinct molecular pheno- types compared with LQT2-causative KCNH2 mutations. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] 25, 43 The majority of dysfunctional LQT2-causative mutations localize to Kv11.1 α-subunit regions of predicted secondary structures (ie, α-helices or β-subunits) in the N-terminus, transmembrane segments, or C-terminus, whereas most of the KCNH2 variants identified in the SIDS cases localize to N-and C-terminal regions not predicted to have secondary structures. About 90% of LQT2-causative mutations disrupt Kv11.1 channel trafficking. In contrast, all of the variants in this study generated Kv11.1 channels that traffic normally. Only 5% of the LQT2-causative mutations alter gating, but ≈30% of the variants in this study alter gating. Last, only ≈5% of functionally characterized LQTS-linked KCNH2 mutations, versus ≈70% of the variants identified in SIDS cases, do not have an overt dysfunctional phenotype. One possible conclusion is that in contrast to being an LQT2-causative mutation that precipitated an infantile sudden cardiac arrest, the majority of the KCNH2 variants found among the SIDS victims are innocuous variants that are irrelevant to the infant's demise.
In fact, 2 of the 3 dysfunctional KCNH2 variants that alter gating are each present with a heterozygote allele frequency of ≈0.1% among black reference samples. This raises the intriguing possibility that the KCNH2 variants that alter Kv11.1 channel gating are relatively benign. This possibility is corroborated by EHR analysis of genotype-positive adult patients with these variants. They do not have an LQTS/short-QT syndrome diagnosis, had normal median QTc values, and did not have a higher frequency of arrhythmias. Moreover, human ventricular AP simulations using the O'Hara-Virag-Varro-Rudy model also support this concept. Two of the 3 KCNH2 variants that altered gating properties predicted changes in the AP duration, but the absolute magnitude of these changes was small and not expected to be arrhythmic.
With the rapid development of inexpensive genotyping, the number of postmortem genetic autopsies in SIDS cases and other cases of sudden unexpected death is likely going to increase. This in combination with a cardiac evaluation of family members might help to identify pathogenic variants, as well as other individuals at risk for sudden death. However, effectively using genotype data alone to determine the cause of death or for diagnostic purposes is problematic. 9 Functional testing of individual KCNH2 mutations using mammalian heterologous expression is reliable at identifying variants that associate with LQT2. 13, 22 We suggest strategies that lower the current cost, energy, and time to functionally study novel KCNH2 variants will improve the clinical value of genetic testing for LQT2. However, in vitro studies should not be considered the final determinant of potential pathology.
There are several limitations to this study. These data were obtained in a widely used heterologous expression system that might not completely recapitulate in vivo conditions. For example, we did not examine the impact of the KCNE2 K + channel subunit, 49 we measured I Kv11.1 at room temperature, and we did not test the influence of autonomic or neurohormonal factors. Therefore, caution must be used in classifying these sequence variants as strictly benign.
Additional family-specific factors, in combination with dysfunctional KCNH2 variants, could have contributed to the SIDS. We analyzed all 292 SIDS cases for variants in LQTS-related genes (KCNQ1, KCNH2, SCN5A, KCNE1, KCNE2, SCN1B, SCN2B, SCN3B, SCN4B, CAV3, and SNTA1). Case no. 5 hosted the rare G294V-Kv11.1 variant and the common polymorphism R1047L-Kv11.1. Case no. 6 hosted R791W-Kv11.1 and the common SCN5A polymorphism S1103Y-Nav1.5. 50 It is possible that the presence of these additional variants contributed to the infants' outcome. However, G294V-or R1047L-Kv11.1 does not impact Kv11.1 channel function, 25 and none of the other cases hosted additional nonsynonymous variants in these genes.
This study suggests that there is a minimal role for dysfunctional KCNH2 mutations in SIDS, but this assertion is contracted by the observation that there is a higher frequency of nonsynonymous KCNH2 variants in SIDS cohorts as compared with control subjects. We suspect that this discrepancy is likely because of the large sample size difference between the number of genotyped SIDS cases and control subjects. The relative location of the Kv11.1 missense variants found in the sudden infant death syndrome (SIDS) cases is shown (squares). The solid red (R791W), green (R1005W), and blue (Q1068R) squares highlight the 3 variants with altered Kv11.1 channel gating. B, Shown is the median corrected QT interval (QTc) of patients who were positive for one of the variants previously identified in our SIDS cohort. The patients' sexes are denoted as squares (male) and circles (female). Red indicates electronic healthcare record history of unexplained syncope. Median QTc of the general population cohort (dashed line), as well as the QTc threshold for genetic testing (red line), is also shown. Error bars are SD. C, We used a modified version of the O'hara ventricular AP model that included a Markovian model for I Kr . Shown are the rate transitions in the I Kr Markovian model that were adjusted to mimic the gating changes caused by R791W (red), R1005W (green), and Q1068R (blue), the corresponding steady-state AP waveforms stimulated at 0.5 Hz, and the respective steady-state APD90 for each of the simulations.
In conclusion, all of the putative KCNH2 variants identified in the SIDS cohort trafficked similar to WT-Kv11.1 channels and, although some modified Kv11.1 channel gating, they do not predict a significant prolongation (or shortening) in computational simulations of the human ventricular AP. EHR of adults harboring the particular KCNH2 variants found among the deceased infants showed the patients have QTc values in the normal range. However, it should be noted that 9 subjects have QTc values in the 460 range or higher, where a large proportion of canonical LQT patients would be. We conclude that deceased infants who possessed one of these rare KCNH2 missense variants did not likely die suddenly and unexpectedly from an LQT2-triggered fatal arrhythmia. Instead, they hosted an ostensibly benign, albeit rare, KCNH2 variant and their cause of death remains elusive.
